Introduction
The abundance and availability of carbon as a natural element together with its ability to form different types of homoatomic covalent bonds allows the development of numerous types of fascinating bulky or discrete (nano)structures, each of which display unique structural, chemical, and physical properties. [1] Among others, polycyclic aromatic hydrocarbons (PAHs) possess many attractive electronic properties in terms of conductivity, adsorption, and emission properties. [1b, 2] Among the different functionalization strategies with hydrophobic, hydrophilic, electron-donating, or electron-withdrawing groups to tune their self-assembly, solubility, absorption, and emission behavior, the replacement of the carbon atoms with electron-deficient or/and electronrich heteroatoms-that is, atom doping-in the all-carbon networks strongly affects the frontier orbitals, thus dramatically altering their electronic properties. [3] In particular, the replacement of two carbon atoms by one boron and one nitrogen atom in aromatic structures leads to isoelectronic structural mimics [3a, b, 4] that possess local dipole moments as the bonding now contains a significant polarity contribution.
[3b-d, 4b] Such polarity is known to considerably alter the character of the frontier molecular orbitals, thus affecting the optical properties of the molecular system, and generally giving rise to larger energy gaps [5] than those of their allcarbon analogues. In this respect, the inorganic mimic of benzene, borazine, first reported by Stock et al. in 1926 , [6] possesses a wide energy gap of approximately 6 eV, [7] although it displays similarities in both geometry and in formal topology of the p-molecular orbitals. [8] The UV-emissive properties of borazine and of its potential oligomeric derivatives [5, 9] make such molecular substrates attractive candidates to be implemented as the active layer in UVAbstract: We have prepared a new borazine derivative that bears mesityl substituents at the boron centers and displays exceptional chemical stability. Detailed crystallographic and solidstate fluorescence characterizations revealed the existence of several polymorphs, each of which showed different emission profiles. In particular, a bathochromic shift is observed when going from the lower-to the higherdensity crystal. Computational investigations of the conformational dynamics of borazine 1 in both the gas phase and in the solid state using molecular dynamics (MD) simulations showed that the conformation of the peripheral aryl groups significantly varies when going from an isolated molecule (in which the rings are able to flip over the 908 barrier at RT) to the crystals (in which the rotation is locked by packing effects), thus generating specific nonsymmetric intermolecular interactions in the different polymorphs. To investigate the optoelectronic properties of these materials by fabrication and characterization of light-emitting diodes (LEDs) and light-emitting electrochemical cells (LECs), borazine 1 was incorporated as the active material in the emissive layer. The current and radiance versus voltage characteristics, as well as the electroluminescence spectra reported here for the first time are encouraging prospects for the engineering of future borazine-based devices.
light-emitting diodes (LEDs), and consequently for a number of potentially high-impact applications. [10] However, the susceptibility of the BN bonds to undergo hydrolysis in the presence of moisture (e.g., borazine rapidly decomposes to boric acid, ammonia, and H 2 in the presence of ambient humidity) has been a major deterrent to the widespread synthetic development of BN-doped aromatic hydrocarbons and their use in optoelectronic devices; to date, only one single example describing their role as charge transporter has been reported. [11] Attempts to significantly prevent the hydrolytic decomposition of borazines by introduction of various substituents were not successful until bulky substituents were placed in the ortho positions of B-aryl groups. In particular, following the works of Brown et al. [12] and Hawkins et al. [13] that described B-mesityl derivatives, in 1965 Nagasawa [14] reported an apparently moisture-stable B-triphenyl-N-trimesitylborazine that bore two methyl groups at the ortho positions of the aryl substituents. Recently, Yamaguchi and co-workers also reported stable borazine derivatives in which visible-emitting anthryl substituents were inserted at the B position. [15] Inspired by these approaches, in this work we have prepared a new borazine derivative that displays exceptional chemical stability, in which the B-atom centers bear mesityl substituents. Detailed crystallographic and fluorescence characterizations showed the existence of several polymorphs, [16] each of which showed a different emission profile in the solid state, thus suggesting a unique interplay between intermolecular forces and conformations. In particular, a redshifted emission emerges when passing from the lower-to the higher-density crystal. Molecular modeling simulations were performed to assess the electronic structure of the borazine derivatives and analyze their peculiar luminescence characteristics in the solid state. To investigate the emissive properties under an externally applied bias, light-emitting electrochemical cells (LECs) were fabricated by incorporating borazine 1 as the active material. These devices were then characterized by measurement of the current and radiance versus voltage characteristics, as well as of their electroluminescence spectra so as to enable the evaluation of the optoelectronic properties of the borazine-based active layer.
Results and Discussion
Synthesis and spectroscopic characterization: By following the facile synthetic procedure of Brown et al. and Groszos et al., [17] trimesitylborazine derivative was synthesized by using a one-pot procedure that involved BCl 3 , as shown in Scheme 1. The reaction of BCl 3 with aniline produced the corresponding B-trichloro-N-triphenylborazine, which was subsequently treated with the organometallic mesityl derivative (both Li-derived and Grignard reagents gave similar results) to afford B-trimesityl-N-triphenylborazine in a moderate yield (see the detailed experimental procedure and full characterization in the Supporting Information). The same procedure was also used for preparing reference hexaphenylborazine 2. When subjected to hydrolysis in water-containing mixtures, compound 1 exhibited extraordinary stability, which suggested that the ortho-methyl substituents exert a steric hindrance, thus chemically shielding the B-atom centers. As expected, borazine 2 completely decomposes under the same conditions.
When compound 1 was crystallized from cyclohexane, CH 2 Cl 2 , or pentane, several polymorphs that belong to the R3 c, R32, and P2 1 /n space groups were obtained, respectively (for the crystallographic details, see the Supporting Information). In all polymorphs, the X-ray molecular structure reveals a deviation from orthogonal arrangement of the aryl substituents and the borazine ring with an interplanar angle between 63.14 to 83.688 depending on the polymorph and on the substituent (see below). As previously observed in other literature reports, [18] the intra-annular distance values between B and N atoms are between 1.40 and 1.46 , whereas the internal angle of the borazine cycle is between 114 and 1248. The central BN core is nearly planar with a torsion angle of approximately 1.58. Similar structural characteristics have been also observed for molecule 2.
[18b]
The quasi-orthogonal arrangement of the aryl substituents forces the methyl substituents to nest atop the B atoms (C1ÀB1 = 3.0 ), thus shielding the electrophilic atoms from nucleophilic addition reactions ( Figure 1 ). Interestingly, mechanically grinding any of the formed crystals yielded the same crystalline powder (see XRD pattern in the Supporting Information) of an unknown space group, here labeled "powder X". As clearly seen from the crystal packing displayed in Figure 2 , solid-state arrangements in the space groups R32 and R3 c feature tubular voids with average diameters of 6.0 and 6.8 , respectively, whereas P2 1 /n crystals were revealed to be compact.
The electronic absorption spectra of borazine 1, obtained in three different solvents (i.e., CH 2 Cl 2 , THF, and CH 3 CN), cover the UV spectral window in the approximately 200-300 nm range, as depicted in Figure S17a in the Supporting Information. As expected, the excitation spectra fully match those of the corresponding absorption profiles, indicating the ligand-centered (LC) nature of the emitting states. The photoluminescence (PL) spectra in solution of the borazines along with those of molecular reference hexaphenylbenzene (HPB) are depicted in Figure 3 . Remarkably, radiative emission is observed over spectral ranges that extend down to Scheme 1. Synthesis of borazines 1 and 2.
www.chemeurj.org less than 300 nm, which is in line with the expectation of significant UV-emitting species. No appreciable effect could be detected on the spectral profiles by changing the solvent polarity (e = 1.55, 1.75, and 3.45 for CH 2 Cl 2 , THF, and CH 3 CN, respectively; Figure S17b in the Supporting Information), as further confirmed by the photoluminescence quantum yields (F em ) and relative lifetimes (t), which are substantially unchanged (F em = 7.7 %, t = 7.1 ns; F em = 6.6 %, t = 7.2 ns; and F em = 7.2 %, t = 7.6 ns in CH 2 Cl 2 , THF, and CH 3 CN, respectively). In contrast, the solid-state emission features for the different borazine polymorphs of molecule 1 dramatically differ (Figure 3, bottom) . To investigate the influence of the packing effects on the fluorescence properties, steady-state emission studies were performed. Depending on the different crystal packing, various emissive profiles that extended over a remarkably large spectral range (from < 300 to > 500 nm) were observed. Two main features are observed around 310 and 360 nm, with relative intensities sensitive to the density of the solid: the PL of the more compact polymorph, P2 1 /n, displays the most intense peak at approximately 360 nm, whereas the least compact polymorphs (R32 and R3 c) emit mostly at lower wavelength, very close to the solution case. In contrast, the total lifetimes (t) are substantially similar (t % 11 ns) for all polymorphs, thus indicating similar deactivation processes.
Modeling of the electronic properties: To shed further light on the electronic structure and optical properties of the borazine derivatives both in solution and in the solid state, we resorted to ab initio time-dependent density functional theory (TD-DFT) and semiempirical (AM1/SCI [19] and INDO/SCI [20] ) quantum-chemical calculations. Starting with the analysis of the one-electron energy diagram computed for borazines 1 and 2 and that of the reference HPB mole- cule, the DFT/HSE [21] results displayed in Figure 4 (on the basis of geometric structures fully optimized at the HSE level using the polarized 6-31G* Gaussian basis set) [22] show a simultaneous (de)stabilization of the HOMO (LUMO) molecular orbital, which results in an increased energy bandA C H T U N G T R E N N U N G gap upon going from HPB to hexaphenylborazine 2. Notably, whereas the shape of the LUMO remains essentially unchanged, the HOMO shows smaller contributions on the central BN core in borazine 2 than that which derives from the central hexa-substituted phenyl ring of HPB (see Figure S21 in the Supporting Information). These changes reflect the partial ionic character of the BN bonds, as deA C H T U N G T R E N N U N G scribed by Molteni and co-workers. [10] As expected, the presence of weakly electron-donating methyl moieties on the mesityl groups in molecule 1 causes a minor high-energy shift of the frontier MOs relative to that of the naked hexaphenylborazine 2.
To describe the nature of the lowest electronic excited states in borazine 1, TD-DFT analysis using long-range corrected functionals (namely, CAM-B3LYP [23] and LCwPBE [24] ) and semiempirical simulations were also performed. A consistent qualitative picture for the optical absorption spectrum of molecule 1 emerges from these calculations (although there are significant quantitative differences). These give rise to multiple electronic excitations that (based on their nature) can be collected in four bands, as depicted in Table 1 . In addition to the very strong absorption (labeled iv in Table 1 ) that peaks at approximately 6 eV, the calculations also indicate a second less-intense band (labeled iii) together with a set of weakly optically allowed (labeled ii) and almost dark (labeled i) electronic transitions at lower energies.
For the sake of illustration, the INDO/SCI-simulated optical absorption spectrum of molecule 1 is displayed in Figure 5 together with the corresponding spectrum as measured in CH 3 CN. A reasonable agreement is found between the experimental and theoretical results (although all predicted transitions are slightly redshifted relative to the experiment; Figure 5 ), with band iii appearing as a shoulder on the red side of the dominant band iv and a much weaker feature ii in the near-UV region. The lowest singlet electronic excitations computed at the INDO/SCI and AM1/SCI level are located at around 4.3 and 3.8 eV, respectively, yet as these carry a vanishingly small oscillator strength they cannot be unambiguously identified on either the simulated or the measured spectrum. In a simplified picture, the spatial extent of the electronic excitations changes (the localization of the electronic transition dipole can be locally mapped by the transition density distributions as shown in Figures S8-S11 in the Supporting Information) from being delocalized over the whole (including the central borazine core) molecule for transition iv to being localized on the aryl side groups in iii and only on a couple of phenyl or mesityl rings, respectively, for excitations ii and i. The increasing localization of the electronic transition dipole as a function of the decreasing transition energy is accompanied by reduced absorption cross sections. Thus, on the basis of these calculations, the www.chemeurj.org emission bands observed in solution at approximately 310 nm (4 eV) can be assigned to the electronic excited states that belong to the calculated band i. This interpretation is reasonable because the integrated INDO/SCI oscillator strength over that band of 1.3 10 À2 translates to a radiative (gas-phase) lifetime value of 94 ns, which is in excellent agreement with the value of 92 ns as experimentally estimated from the measured total lifetime and quantum efficiency values in CH 2 Cl 2 (see above). Notably, the low-emission radiative decay rate is also in line with the limited LED quantum efficiency (see below). One can thus speculate that the presence of a dual-emission signal in the solid (i.e., the two emissive features at approximately 310 and approximately 350 nm with polymorph-dependent relative intensities) arises from a removal of the degeneracy of the electronic excitations associated with band i. This effect is likely induced by conformation constraints imposed on the peripheral aryl groups due to a packing effect, which is expected to differently affect the interplanar angle of the phenyl and mesityl units, respectively. These solid-state effects can potentially slow down nonradiative decay pathways that involve conformational degrees of freedom, a phenomenon known as aggregation-induced emission. [25] It is therefore not surprising that, compared to the emission profiles as obtained from solution studies, the most drastic changes in PL spectra are observed for the highest-density P2 1 /n polymorph. We note that INDO/SCI calculations performed on clusters of molecule 1 as arranged in the R3 c, R32, and P2 1 /n space groups did not show any significant difference in the emission profile (namely, the presence of the lowenergy PL emissive band) with respect to that obtained for the single molecule modeled in the vacuum, thus ruling out any effects that are derived from the excitonic delocalization or the formation of J-type aggregates (which is not surprising as dipole interactions are vanishingly small for weakly allowed excitations). According to AM1/SCI calculations, the lowest triplet excited states of 1 in the P2 1 /n space group Table 1. are located at around 2.4 eV ( % 517 nm) above the singlet ground state, and thus too far in energy to contribute to the photoluminescence signal at approximately 350 nm (although they might be partly responsible for the broad electroluminescence band that extends far into the visible). However, preliminary investigations of the conformational dynamics of borazine 1 in both the gas phase and in the solid state by using molecular dynamics (MD) simulations (Universal force field, 500 ps simulations in the NVT ensemble at 300 K) showed that the conformation of the peripheral aryl groups significantly varies when going from an isolated molecule (in which the rings are able to flip over the 908 barrier at RT) to the crystals (in which the rotation is locked by packing effects). In addition, one can observe that the three mesityl substituents of 1 experience different chemical environments owing to the specific intermolecular interactions in the P2 1 /n polymorph, unlike the R32 polymorph in which the torsion histograms are essentially superimposable ( Figure S26 in the Supporting Information). In principle, this asymmetry is expected to remove the degeneracy associated with the lowest electronic excitations and reshuffle the distribution of the oscillator strengths. INDO/ SCI calculations performed on 200 snapshots extracted from the MD simulations indicate an energy splitting of approximately 0.1 eV, which is in line (albeit smaller) with the experimental energy difference of approximately 0.56 eV observed between the two emission peaks for polymorph P2 1 / n.
Engineering of LED and LEC devices:
We also prepared LEDs and LECs that incorporated borazine 1 in the active layer to investigate the emission properties under electrical injection conditions. As with all materials that emit towards the blue/UV end of the available spectrum, [26] charge injection tends to be more difficult than with lower-gap materials as a result of the increased difficulty of matching the work function of the electrodes with the higher-lying lowest-unoccupied molecular orbitals (LUMOs) and the lower-lying highest-occupied molecular orbitals (HOMOs). In particular, the relatively low electron affinity (À1.0 to À1.3 eV) of molecule 1 makes electron injection a challenge compared to hole injection. The best results were expected with an LEC architecture, in which the active material is blended with an ion-transporting polymer such as polyethylene oxide (PEO) and a salt [27] to exploit the buildup of mobile ions at the electrode interfaces to reduce charge-injection barriers. However, we also fabricated and characterized LEDs that incorporated an active layer made of the neat derivative 1 and obtained nearly comparable results. The device structure is shown as an inset in Figure 6 for the LECs and LEDs, and is built on an indium-tin oxide (ITO) anode, with an 80 nm hole-injection layer of poly(3,4-ethylenedi-A C H T U N G T R E N N U N G oxyA C H T U N G T R E N N U N G thiophene) (PEDOT)/polysodium styrene sulfonate (PSS) spin-cast from a 2.8 % solution in water (Sigma Aldrich 560596). The active layer consisted either of a blend of emitter 1, polyethylene oxide as the ion transporter, and lithium triflate (LiOTf) as the salt that provided mobile ions for the LECs, or of molecule 1 for the LEDs. For LECs, the solution was spin-cast from a mix of toluene and THF (1:1), with a concentration of 2 wt % of solids, of which 50 wt % was borazine 1, and 50 wt % was PEO/LiOTf with a 20:1 molar ratio of the CH 2 CH 2 O moieties in PEO to LiOTf. We instead used toluene as a solvent for the LEDs with a 2 wt % concentration of borazine emitter 1. A low work function anode of LiF (6 nm)/Ca (30 nm)/Al (150 nm) was evaporated to facilitate electron injection, which as mentioned above is notoriously difficult for high-gap materials. The current density and radiance versus voltage characteristics of a typical LEC that incorporates molecule 1 and those of an LED are depicted in Figure 6a , c. Charge injection into the LEC is clearly observed, with a strongly nonlinear dependence of the current density J on the applied voltage V, as is typical for organic and polymeric LEDs. We achieved current densities of > 100 mA cm À2 at somewhat higher voltages ( % 15 V) than we would expect for most molecular diodes and LECs. We consider this an indication of the intrinsically low charge mobility in molecule 1, and of the existence of further margins for optimization of charge transport and possibly of injection. The current turn-on voltage (arbitrarily defined at 10 À3 mA cm
À2
) is observed at approximately 3 V, whereas a clearly observable change of slope in the JV characteristics suggests that bipolar injection is achieved at approximately 5 V, which is only marginally higher than the energy gap of the "bluest polymorphs" as inferred from the PL spectra, in line with the results for "organic LECs" in which emission is observed at voltages similar to the modulus of the energy gap (in eV).
Concomitant luminescence was observed with a threshold of approximately 9.5 V (Figure 6a ), in which this is defined as the voltage at which the radiance reaches 0.2 mW m À2 (owing to the presence of emission in the UV range, at wavelengths < 400 nm, we reported the optical output in radiometric units, that is, radiance in mW m
, rather than photometric units, or luminance in cd m À2 ), which clearly exceeded our noise level ( % 0.1 mW m
). The slight discrepancy in the radiative emission turn-on voltage with respect to the occurrence of bipolar injection is a result of the higher noise in our detection electronics relative to the radiative emission, owing to extrinsic factors (different noise levels in the measurement of the current and radiative emission). Similar results were found for the representative LED, the characteristics of which are reported in Figure 6c , although they show slightly higher noise, and the external quantum efficiency is approximately an order of magnitude higher than that for the LECs. The spectral distribution of the emission, as reported in Figure 6d , clearly demonstrates emission at wavelengths below 400 nm, albeit with a broad spectrum that spans the whole of the visible range as well. Similar results were found for the LEC, the spectrum of which is displayed in Figure 6b . In addition, of potential interest for white-emitting LEDs and applications in the illumination sector, or for backlights, we note that a very large spectral width is in fact to be expected on the basis of the various polymorphs identified, and the possible existence of www.chemeurj.org other polymorphs not yet identified in our fundamental characterization of the materials. Furthermore, application of electric fields, charge transport, and potential mild heating during device operation might indeed favor the formation of a mixture of polymorphs. A discrepancy between PL and electroluminescent (EL) emission has been observed in the past for some early blue-emitting materials, which was mainly caused by the formation of aggregates, excimers, or exciplexes.
[26a] Formation of aggregated species could also be responsible for relatively low EL quantum efficiency [28] as reported here ( % 10 À4 %).
Conclusion
In conclusion, we have prepared a new UV-emitting borazine derivative that bears mesityl substituents and displays exceptional chemical stability toward hydrolysis. Detailed crystallographic and fluorescence characterizations showed the existence of several polymorphs, each of which showed a different emission profile in the solid state, thus suggesting a unique interplay between intermolecular forces and the spectroscopic response. In particular, by using molecular dynamics (MD) simulations, computational investigations of the conformational dynamics of borazine 1 in both the gas phase and in the solid state showed that the conformation of the peripheral aryl groups significantly varies when going from an isolated molecule (in which the rings are able to flip over the 908 barrier at RT) to the crystals (in which the rotation is locked by packing effects), thus generating different chemical environments in the different polymorphs owing to the specific intermolecular interactions. This asymmetry is expected to remove the degeneracy associated with the lowest electronic excitations and to reshuffle the distribution of the oscillator strengths, thereby generating an energy splitting that is responsible for the two-peak emissive behavior. In parallel, we have been able to exploit their electroluminescent properties in LEDs and LECs that incorporate borazine 1 as the active material in the emissive layer. Despite a relatively low EL quantum efficiency A C H T U N G T R E N N U N G (%10 À4 %) and broad emission spectra, this is the first report of UV electroluminescence from borazine-based materials, and we thus consider these data to be particularly encouraging for the prospects of borazine-based devices. The use of different transparent conducting oxides as anodes or cath-A C H T U N G T R E N N U N G odes, or an inverted top-emitting structure with sputtered transparent ITO anodes [29] appears to be entirely plausible, given enough time and critical mass of research devoted to BN-based materials, with potentially disruptive consequences on spectral tunability, efficiency, and device lifetime, as has already happened for organic analogues in the last two decades or so.
Experimental Section
CCDC-897038 (R32 for borazine 1), 897039 (P2 1 /n for borazine 1), 897040 (R3 c for borazine 1), and 897046 (Pna2 1 for borazine 2) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
